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•I was asked to cover how the detector response and capabilities of 
LArTPCs can/will be understood with current/future initiatives.!

•In other words, to summarize what is known about LArTPC detector 
performance, what we want to learn, and how this impacts present and 
future experiments.  !

•Things I won’t cover in any detail since they’ll be the focus of the next 
talks: electronegative impurities (Craig Thorn), high-voltage (Sarah 
Lockwitz), photon detection (Matt Toups), electronics (Veljko Radeka) 
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•We have some information already from ICARUS (see A. Fava talk) and 
ArgoNeuT data, so I’ll review selected topics from these.!

•What other kinds of performance plots would we like to see from the 
experiments about to run (MicroBooNE, LArIAT, CAPTAIN), or those 
proposed to run in the future (Fermilab SBN, ELBNF)?

To put it another way: !
“When will we see performance plots from LArTPCs?” 

- Question I was asked by a NuSTEC student last year.
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•Connecting deposited energy to measured signal!
•Calorimetric precision!
•Understanding em/hadronic showers!
•Neutron response!
•Particle identification!
•Response to low-energy events!
•Connections to current/future experiments

List of possible topics one could cover:
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Refs:!
1.) Liquid-argon ionization chambers as total-absorption detectors, W. Willis and V. Radeka, Nuclear Instruments and Methods 120 (1974), no. 2, 221-236.!
2.) The Liquid-argon time projection chamber: a new concept for Neutrino Detector, C. Rubbia, CERN-EP/77-08 (1977)
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Many design options to choose from…detector capability depends on these choices. 
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•There is a great deal of ongoing hardware development for 
LArTPCs, which you’ll hear more about in this session.!

•Much of the current activity for LArTPCs revolves around 
developing robust reconstruction and simulation tools (i.e. 
extracting physics quantities from observed detector signals).  !

•The success and precision of current/future experiments is 
reliant on these tools, so it’s important to gauge the 
performance of the tools through comparisons with data.
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•Ionization produced by charged-tracks creates a signal on TPC wires.  !

•The measured signal is the convolution of multiple physical processes.!

•Try to model each process, in simulation and data-reconstruction.  

Uber-function to 
represent LArTPC signal 

development 
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•Apply the inverse of this uber-function to measured signal and 
recover the distribution of ionization in 3d x-y-z space (as a 
function of time), then proceed to apply reconstruction.!

•In reality, we have no such reverse-transmogrification function, 
so we have been pursuing a variety of alternative approaches.

S = M⌦ ⇢

M-1S = ⇢

S(wire, time)

⇢(x, y, z, t)

Signal measured on each wire as a function of time.

Distribution of ionization in TPC as a function of time,space.
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•Low Energy Neutrino Cross-Section Measurements: CC-inclusive, CCQE, NC πo, etc…!
•Measure things arising from use of nuclear target (multi-nucleon correlations, FSI, etc…)!
•Study backgrounds relevant for Proton Decay searches in larger detectors (e.g. - Kaon production), 

and develop SuperNova analysis capabilities.!
•Probe the Strange Quark content of Proton (e.g. - ∆s, hyperon production, etc…)!
•Be prepared for the unexpected.

Example CCQE νe event simulated in MicroBooNE Collection Plane (zoomed in view)
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•“Standard candle” measure of inclusive charged-current cross-sections have been 
performed using both antineutrinos and neutrinos.  First time ever on argon target.!

•MicroBooNE will have high-statistics necessary to do more refined things, like 
double-differential cross-sections (a la MiniBooNE).!

•Measurements of muon momentum in a non-magnetized detector may come from 
multiple scattering, so proving the robustness of this technique is required.

4
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FIG. 1: The measured di↵erential cross sections
in muon (top) angle and (bottom) momentum
for CC inclusive ⌫µ interactions in argon, per ar-
gon nucleus, in comparison with genie [19] and
nuwro [21] expectations. Both statistical and to-
tal errors are shown on the data points.

tor resolution, and the other calculation as-
sumes there is no smearing. The di↵erence
between these is taken as a systematic error on
the measured di↵erential cross sections. The
genie predictions agree with data for neutri-
nos but overestimate data slightly for antineu-
trinos. nuwro [21] expectations are consis-
tent with those from genie in most bins.

The total cross section systematic error con-
tributions are dominated by the uncertainty
in the energy-integrated flux. The flux used
in this analysis [22] is based on a simulation
of the NuMI beamline with the fluka [23]
hadron production tuned with MINOS near
detector data [24] and NA49 hadron produc-
tion measurements [25]. We assign a flat 11%
flux error which accounts for the uncertainties
in the hadron production and beamline model-
ing (e.g. horn focusing) and is consistent with
the error assignment recently chosen by MIN-
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FIG. 2: The measured di↵erential cross sections
in muon (top) angle and (bottom) momentum
for CC inclusive ⌫µ interactions in argon, per ar-
gon nucleus, in comparison with genie [19] and
nuwro [21] expectations. Both statistical and to-
tal errors are shown on the data points.

ERvA [10, 11] at low energies. The fluxes with
uncertainties used in this measurement are re-
ported in Table III. All considered sources of
systematic uncertainty on the total cross sec-
tion and their contributions are shown in Ta-
ble IV.

The total integrated cross section per nu-
cleon in this analysis is calculated for both
neutrinos and antineutrinos. The measured
total ⌫µ (⌫µ) CC cross section is �/E⌫ =
0.66± 0.03± 0.08 (0.28± 0.01± 0.03) ⇥10�38

cm2/GeV per isoscalar nucleon at hE⌫i =
9.6(3.6) ± 6.5(1.5) GeV, where the first er-
ror is statistical and the second is systematic,
and the ±6.5(1.5) GeV represents the range
that contains 68% of the flux. The argon-
to-isoscalar correction has been applied in ar-
riving at these results. The corrections are
about -3% for neutrinos and 3% for antineu-

Total Cross-Sections

25

-3 (+3) % correction for iso-scalar nucleus
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NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)
T2K, PRD 87, 092003 (2013)

ArgoNeuT (2014)
ArgoNeuT, PRL 108, 161802 (2012)
ANL, PRD 19, 2521 (1979)
BEBC, ZP C2, 187 (1979)
BNL, PRD 25, 617 (1982)
CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)

, PRD 89, 112003 (2014)

Refs:!
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al.,  PRL 108 (2012) 161802!
2.) Measurements of Inclusive Muon Neutrino and Antineutrino Charged Current Differential Cross Sections on Argon in the NuMI Antineutrino Beam, R. Acciarri et al, PRD 89, 112003 (2014)
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S. Zeller, Penn seminar, 04/17/12 

Liquid Argon TPCs 
1 

•  ArgoNeuT = 175L LAr TPC 
•  but need to take care to       
  disentangle 2p2h from FSI! 
(other effects can also produce multiple protons) 

J. Spitz, arXiv:1009.2515 [hep-ex] 

µ+p 

µ+p+p 

µ+p+p+p 

•  can measure proton kinematics 
  and multiplicities in LAr 
  (can detect protons down to very low energy) 

Refs:!
1.) The detection of back-to-back proton pairs in Charged-Current neutrino interactions with the ArgoNeuT detector in the NuMI low energy beam line, R. Acciarri et al, Phys. Rev. D 90, 012008 (2014)

A. M. Szelc, Neutrino 2014, Boston 116/7/14

Observing proton multiplicities

● The granularity of the LArTPC allows seeing actual final state 
topologies.

● Measuring cross sections as a function of proton multiplicity. 

New,
 LArTPC enabled,

 physics 
result!
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•Granularity of LArTPC opens up a window into nuclear physics (multi-nucleon 
correlations) that is: !
1.  necessary to understand in the broader precision neutrino oscillation experimental program !
2.  interesting to study due to the many rich connections to electron-scattering and nuclear theory!

•Measuring quantities such as multiplicity of protons in charged-current events can 
be a useful method of testing nuclear models present in generators. 
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A. M. Szelc, Neutrino 2014, Boston 146/7/14
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Distinguishing electrons vs. photons relies on ability to reconstruct 
energy at beginning of electromagnetic shower, and is significantly 
enhanced by capability to see displaced vertices.

A. M. Szelc, Neutrino 2014, Boston 146/7/14
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A. M. Szelc, Neutrino 2014, Boston 136/7/14

Electron/gamma separation

● An EM shower that starts after a gap 
from the vertex is always background 
(especially if you can see two of them).

● Even if the gap is very small all is not 
lost.

– We can reconstruct the charge at the start 
of the shower - “dE/dx discrimination”.  

Reconstructed 
Single Shower MC

Average dE/dx 

Single electron 

EM Showers

e-/e+ pair producing gamma  

e

γ → e-+e+

A. M. Szelc, Neutrino 2014, Boston 156/7/14

Data-Based dE/dx plot
– Gammas defined as EM 

showers detached from visible 
vertex.

– Electrons defined as EM 
showers with visible vertex 
activity and no gap. 

– Electron events require no 
track matched to MINOS muon.

Landau-like distribution of electron  
event single hit charge depositions.

Single Hit dE/dx [MeV/cm]

PRELIM
IN

ARY

DATA

(area       

normalized)

average dE/dx 

Electron/single gamma separation

DATA

New,

 LArTPC enabled,

 physics 

analysis!

PRELIM
IN

ARY

Topology cut 

not folded in.

Topology cut 

only

•Electron/Photon distinction provided by dE/dx difference at beginning of shower, plus 
topological clues like gaps between primary vertex and shower start.!

•Very important capability for electron-neutrino appearance analyses.!

•How does choice of single/dual phase alter this?

Refs:!
1.)A. Szelc, Neutrino 2014
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A. M. Szelc, Neutrino 2014, Boston 166/7/14

NC π0 Study

Work continuing to refine the energy corrections and 
analyze the full data set

Angle between 
photons

2 x γ

ArgoNeuT is too small to 
contain the majority of 
photon showers from 

π0's.

An MC based set of 
energy corrections 
based on event topology 
is needed.

New
 Physics 
Analysis!

•Neutral pions can be identified through both calorimetry and topology.!
•Two showers, with photon-like dE/dx, pointing to a common vertex.!
•A high-statistics pi0 sample would be a good sandbox for fine-tuning 

electromagnetic shower response.

A. M. Szelc, Neutrino 2014, Boston 166/7/14

NC π0 Study

Work continuing to refine the energy corrections and 
analyze the full data set

Angle between 
photons

2 x γ

ArgoNeuT is too small to 
contain the majority of 
photon showers from 

π0's.

An MC based set of 
energy corrections 
based on event topology 
is needed.

New
 Physics 
Analysis!

e/γ separation and π0 reconstruction in ICARUS

BNL, February 5th 2015   7

1 m.i.p. 
2 m.i.p. 

MC 

1 m.i.p. 
2 m.i.p. 

Mγγ: 
133.8±4.4(stat)±4(syst) MeV/c2 

 Unique feature of LAr to distinguish e from γ and reconstruct π0 

# Negligible background from π0 in NC and νµ CC estimated from MC/scanning 

θ

Ek = 685 ± 25 MeV 

Ek = 102 ± 10 MeV 

Collection 

mπo = 127 ± 19 MeV/c² 
θ = 28.0 ± 2.5º 

pπo = 912 ± 26 MeV/c 
π0 reconstruction: 

Sub-GeV event 

ICARUS
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Corey Adams, Yale University

De-Excitation Gammas in 

11

0.4 MeV 1.1 MeV

0.34 MeV

1.3 MeV
2 MeV

1 MeV
0.9 MeV

0.5 MeV

Can have multiple gammas, each can have multiple 
interactions.

Further complication: there are other particles that 
can have similar signatures!

Preliminary

•Granularity of anode planes, coupled with low-noise electronics and good electron lifetime, enables 
detection of very low-energy depositions.!

•Very interesting physics: gamma de-excitations, radioactive decays, neutron recoils, supernova 
neutrinos!

•Need to develop systematics/uncertainties for measuring these low-energy depositions.!

•Folding in data from photon-collection system (one with good coverage) will be important here.  

  

Low energy electrons and photons produced at 
MicroBooNE will present new challenges to LArTPC's 

that will be overcome to examine to explore low 
energy cross-sections and oscillation results

Going forwardGoing forward
De-excitation De-excitation γγ  candidates in ArgoNeuT candidates in ArgoNeuT

Syracuse University                                    J.Asaadi                                                                   22Syracuse University                                    J.Asaadi                                                                   22

13 MeV Electron13 MeV Electron

~ 3cm

   ~ 3cm

Supernova energy (ν
e 
) electrons

Refs:!
1.) Dynamical behavior of free electrons in the recombination process in liquid argon, krypton, and xenon , S.Kubota, M.Hishida, M.Suzuki, J.Ruan(Gen), Phys. Rev. B20 (1979), 3486



Particle Identification

17

•Muon momentum can be measured by investigating multiple-scattering.!

•This will be a vital tool for experiments like MicroBooNE and LAr1-ND, which will have a 
sizable fraction of events with non-contained muons.  !

•ICARUS has developed this technique and applied it to sample of stopping muons (allows 
comparisons of calorimetric and MS momenta).  

Refs:!
1.)Measurement of Through-Going Particle Momentum By Means of Multiple Scattering With The ICARUS T600 TPC, A. Ankowski et al, hep-ex/0606006	
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Fig. 8. Kalman Filter algorithm: Monte-Carlo momentum resolution as a function
of the recorded track length.

8 Kalman Filter application to a set of stopping atmospheric muons

So far, we have just relied on Monte-Carlo data to show that the Kalman
Filter is an optimal tool to estimate the momentum of partially contained
tracks. We now try to assess the goodness of this algorithm by applying it to
real data. The sample we take as reference corresponds to a set of stopping
atmospheric muons collected on the summer of 2001 during a T600 technical
run on surface. The initial set contains the 2690 events used in [5]. We impose
the condition that, in the collection view, muons should have at least 60 hits
and a minimum track length of 50 cm. These requirements leave us with a
final sample of 1009 muons.

Given the characteristics of the selected muons, the range of considered mo-
menta spans from about 200 MeV up to 800 MeV (being the mean value 400
MeV). For higher momenta, the sample of recorded muons is not statistically
significant. The Monte-Carlo tells us that the Kalman Filter performance for
the lower momentum range is not as good as the one expected for muons
above 1 GeV. However a demonstration that the method performs reasonably
well in the low momentum range, will give us confidence on the fact that the
algorithm can be also applied at higher momenta.

The selected data have been reconstructed following the procedure outlined

18

Main takeaway from this paper is that even without a fully contained muon 
track, momentum can still be reconstructed via multiple-scattering + 

Kalman fitter, albeit precision strongly tied to visible track length.

Argon layer

Prediction

Measurement

Filter

Initial state

Fig. 4. Scheme of the Kalman Filter method. For a given initial state, the position is
propagated linearly (“Prediction”). Then, the “Filtered” state is computed by com-
paring the “Measured” and the “Predicted” states. This procedure is repeated over
all track layers. The “smoothing” is done by repeating the same process backwards.

are as follows:

1.- State Vector: To make the analysis, the track is split in segments of a
certain length, and in each intersection we consider several magnitudes that
will conform our state vector. In each of those segments the hits are fitted
to a straight line. The parameters of the fit will define the state vector.

In the following, we will consider a three coordinate system, with our
particle traveling in the z direction, and being x and y perpendicular to this
direction. The state vector will be made of five variables:
- The inverse of the momentum of the particle. This magnitude is related

with the angle between the current segment and the next one through the
multiple scattering formula (see equation 1).

- The position of the particle in the plane (two components: x, y).
- The slope of the track in the plane (two components: dx

dz ,dy
dz ).

12

I refer you to numerous talks from 
Eric C. and Herb G. on developing 

Kalman tracking in LArSoft.
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I refer you to numerous talks from 
Eric C. and Herb G. on developing 

Kalman tracking in LArSoft.
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3. Neutrino Detection and the Liquid Argon Time Projection Chamber 33

Drift direction

Cathode

Shield
Induction

Collection

E1

E2

E3

Figure 3.4: A LArTPC’s wire planes and drift regions. ArgoNeuT instruments the induction and
collection plane. MicroBooNE will instrument the shield, induction, and collection planes.

dE/dx vs. kinetic energy Kinetic energy vs. range 

Figure 3.5: (Left) dE

dx

versus kinetic energy and (right) kinetic energy versus range for a variety of
relevant particles. These plots are taken from Reference [69].

of the amount of energy deposited along a stopping track and hence the kinetic energy of the

initial particle, calorimetry is useful for identifying particles. The energy deposited along

the track per unit length, dE

dx

, often used in conjunction with track range in the case that

the particle stops, can be utilized to di↵erentiate one particle from another (see Figure 3.5).

Separating gammas from electrons is vital to the success of future LArTPCs used as

detectors in long baseline electron-neutrino appearance searches. As one example, neutral-

current ⇡0 (⌫
l

N �! l±N⇡0, with N a nucleon and l± a charged lepton) events are a

•Particles in the detector have distinct energy-deposition profiles as they come to a stop.!

•A likelihood comparison is performed between the energy-deposition profile of a 
reconstructed track and predictions from GEANT!

•Notice that this technique offers little power to distinguish muons from pions.
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Refs:!
1.)A study of electron recombination using highly ionizing particles in the ArgoNeuT Liquid Argon TPC, R. Acciarri et al, 2013 JINST Vol. 8 P08005

Figure 6. Left: Histogram of (dE/dx)calo vs residual range for the proton sample (black) and the deuteron
sample (red). Equation 4.1 is plotted for protons (yellow line) and deuterons (green line). Right: The same
histogram plotted on a log-log scale.

6. Detector Simulation

The LArSoft simulation is based on GEANT4. The TPC is divided into 0.3 mm cubic voxels
imposing a maximum tracking step size ⇡10x smaller than the wire spacing. At each tracking step,
dE/dx is calculated using the step information and a Birks recombination correction applied to find
dQ using equation 2.6. The recombination correction does not include any angular dependence.
The deposited charge is split into clusters of 600 electrons which are each subjected to a simulation
of longitudinal diffusion, transverse diffusion and loss due to impurities. The number of arriving
electrons is stored in a time ordered array for each wire. When tracking of all particles in the
event is completed, wire signal waveforms are generated by convolving the wire time arrays with
a parameterized induction (collection) plane response and the electronics impulse response.

The Monte Carlo simulation is used to check the relative calibration of tracks at all f angles.
The rationale for such an effect becomes clear by considering two minimum ionizing tracks, both
traveling at the same angle relative to the collection plane wires. One track travels parallel to the
wire plane (f = 90�) and the other is inclined relative to the wire plane. The case of an inclined
track is shown in figure 7, where the inclination angle qu is the angle between the projection of the
track in the (u,y) plane and the u axis. The wire plane lies in the (x,z) plane. The inclination angle
is highly anti-correlated with f , e.g. f = 90� when qu = 0 in the parallel track case. Ionization
electrons arrive at the collection plane with a larger spread in time for the inclined track case than
for the parallel track case. A hit signal from the inclined track will therefore have a wider time
spread and lower amplitude but the total charge deposited per unit length, dQ/dx, will be the
same for both tracks. The power spectrum of the wire signal from the inclined track has lower
frequency components than the wire signal from the parallel track. The signals for the two cases
may therefore be processed differently by the readout electronics chain, signal deconvolution and
hit fitting, resulting in a slightly different measurement of dQ/dx.

– 10 –

•ArgoNeuT has used this dE/dx vs. range technique in a variety of analyses, such as a 
study of a sample of isolated, highly-ionizing tracks.!

•We currently use data from GEANT/NIST.  Would like to have data-based versions of 
these particle parameterizations.
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4

Studying Final State Particles with LArIAT
NuMI LE On-axis Beam LArIAT Beam

• Particles produced in LArIAT beam are same species and similar momentum 
range as those produced in neutrino interactions from NuMI and Booster 
beams!

• Momentum spread is tunable to adjust relative fractions of different species!

• Ideal for producing results relevant to MicroBooNE, LBNE and SBM

•LArIAT collaboration is about to operate a small LArTPC in the Fermilab test-beam facility.!

•Beam profile is well matched to expected beam energies of future experiments, such as ELBNF.

Refs:!
1.)LArIAT: Liquid Argon In A Testbeam, J. Paley et al, hep-ex/1406.5560	
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10/16/14 F. Blaszczyk - Intensity Frontier Seminar 33

What's next? LArIAT phase-II

● LArIAT phase-I containment ~50%

● Much larger detector will allow to 
repeat same measurements but 
with much better containment

→ study hadronic showers in 
liquid argon

● Detailed calorimetry studies

● Ionization electrons

● Scintillation light

● Topology information

●  Cosmic ray background studies

LArIAT phase I

LArIAT phase I

10/16/14 F. Blaszczyk - Intensity Frontier Seminar 15

Charge sign determination w/o magnetic field

● Charge sign determination (w/o a magnetic 
field) for fully contained muons using statistical 
analysis :

– µ+ decay rate with e+ emission of a known 

energy spectrum = 100 %

– µ- capture on nuclei rate + γ / n emission ~ 

75% vs decay rate ~25%

→ capture rate higher in Ar than in lighter 
elements

→ systematic study of μ- capture in LAr has 
never been performed

● Beam tunable polarity will provide data for 
direct measurement of the sign separation 
efficiency and purity for muons (might be 
possible for pions)

LArTPC sign determination capability has yet to be explored

µ−
 capture in ArgoNeuT

π→μ→e decay in ArgoNeuT

π
μ

e
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ENERGY MEASUREMENTS

1.0 GeV/c electron

Electrons
~85% containment

for  p <1 GeV/c
Stopping range

protons p<1 GeV/c

90cm = 6.4 X0

Benchmark MC

Simulation
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•Test-beam exposure, LArIAT, will give us an invaluable data sample to measure dE/dx profiles 
for stopping particles of known identity (among other topics).!

•Can also study dependance of recombination on electric-field.!
•Beam polarity is tunable, so can study possibility of muon sign-selection in non-magnetized 

detector (using  100% mu+ decay, and ~75%/25% mu- capture/decay).
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•LArIAT detector subsystems are installed in 
test-beam facility at Fermilab, and start of 
operations is expected this spring.!

•This will provide a wealth of charged-paricle 
data that we will use to benchmark LArTPC 
performance.!

•Can do systematic studies of detector 
performance as a function of: drift-field, 
particle momenta, particle species, etc…
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• Cold electronics built by MSU using MicroBooNE/LBNE ASIC and installed 
on the TPC!

• ASICs are in the liquid, remaining electronics are outside the cryostat

Plan Coming TogetherCalibration: LArIAT

23

Tertiary beamline instrumented with 
wire chambers and TOFTPC installation

TPC wire plane installation and testing Light collection system installation and testing
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Figure 2.1: Schematic drawing of the CAPTAIN detector.

2.1 Cryostats

The CAPTAIN project utilizes two cryostats for TPC development. The first is a small,
1700L vacuum jacketed cryostat provided by UCLA for the e↵ort. It is being modified at
LANL to provide features to accommodate and test mini-CAPTAIN. The vacuum jacket is
60.25 inches in diameter, and the vessel is 64.4 inches in height.

The primary CAPTAIN cryostat is a 7700L vacuum insulated liquid argon cryostat which
will house the final TPC. It is an ASME Section VIII, Division 1 U stamped vessel making
operation at several national (or international) laboratories more straightforward. The outer
shell of the cryostat is 107.5 inches in diameter, and it is 115 inches tall. The vessel
is designed with a thin (3/16 inch) inner vessel to minimize heat leak to the argon. All
instrumentation and cryogenics are made through the vessel top head. The vessel also has
side ports allowing optical access to the liquid argon volume for the laser calibration system
or other instrumentation. A work deck is to be mounted on the top head to provide safe
worker access to the top ports of the cryostat. A ba✏e assembly will be included in the
cold gas above the liquid argon to mitigate radiation heat transfer from the un-insulated top
head. Figure 2.1 shows a schematic of the CAPTAIN cryostat, TPC, and work deck.

5

Refs:!
1.)The CAPTAIN Detector and Physics Program, H. Berns et al, hep-ex/1309.1740	



•The CAPTAIN detector has been built to study 
the response of LArTPCs to neutrons.!

•Surface detectors (MicroBooNE/LAr1ND) will 
collect neutrons from cosmic-ray-induced 
sources, and surface/underground detectors 
will see neutrons induced by neutrino 
interactions in surrounding material.!

•The high-statistics sample of neutrons 
collected by CAPTAIN will be invaluable for 
understanding low-energy event 
reconstruction (relevant for supernova 
physics), and for providing input to help 
identify neutrons in neutrino interactions.

Neutron Beam at LANL 

8"

•  Los Alamos Neutron Science 
Center WNR facility provides a 
high flux neutron beam with a 
broad energy spectrum similar to 
the cosmic-ray spectrum at high 
altitude 

•  Time structure of the beam 
•  sub-nanosecond micro pulses 1.8 

microseconds apart within a 625 µs 
long macro pulse  

•  Repetition rate: 40 Hz 

625"μs"

1.8"μs"

25"ms"
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•We have learned a great deal about LArTPC capabilities from existing 
efforts (ArgoNeuT, ICARUS,…).  We are just scratching the surface.!

•With MicroBooNE/LArIAT/CAPTAIN about to start up we are poised to 
learn much more.  A flood of new data is coming SOON…big challenge 
to be ready for it.!

•Robust understanding of capabilities of LArTPCs is essential for neutrino 
experiments (MicroBooNE, CAPTAIN-BNB/MINERVA, SBN, ELBNF) to 
achieve, and exceed, desired physics goals.!

•Apologies to any experiments/analyses that I neglected.
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Back-Up Slides



Neutrino Interactions
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•Neutrino experiments that will 
search for CP-violation are 
operating in an energy-regime 
where several competing processes 
are active.!

•Nuclear targets in these 
experiments (e.g. - Carbon, Argon, 
Oxygen, etc…) introduce 
complications that can skew 
picture of observed interactions. !

Neutrinos

AntiNeutrinos



Why Noble Liquids for Neutrinos?

28

Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120 165 373

Density [g/cm 0.125 1.2 1.4 2.4 3 1

Radiation Length [cm] 755.2 24 14 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3 3.8 1.9

Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000
Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.!
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.!
•Excellent dielectric properties accommodate very large voltages.!
•Noble liquids are dense, so they make a good target for neutrinos.!
•Argon is relatively cheap and easy to obtain (1% of atmosphere).!
•Drawbacks?...no free protons...nuclear effects.
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2 45. Neutrino Cross Section Measurements
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Figure 45.1: Measurements of νµ and νµ CC inclusive scattering cross sections
divided by neutrino energy as a function of neutrino energy. Note the transition
between logarithmic and linear scales occurring at 100 GeV. Neutrino-nucleon cross
sections are typically twice as large as the corresponding antineutrino cross sections,
though this difference can be larger at lower energies. NC cross sections (not shown)
are generally smaller (but non-negligible) compared to their CC counterparts.

45.2. Quasi-elastic scattering

Historically, neutrino (or antineutrino) quasi-elastic scattering refers to the processes,
νµ n → µ− p and νµ p → µ+ n, where a charged lepton and single nucleon are ejected
in the elastic interaction of a neutrino (or antineutrino) with a nucleon in the target
material. This is the final state one would strictly observe, for example, in scattering
off of a free nucleon target. QE scattering is important as it is the dominant neutrino
interaction at energies less than about 1 GeV and is a large signal sample in many
neutrino oscillation experiments.

Fig. 45.2 displays the current status of existing measurements of νµ and νµ QE
scattering cross sections as a function of neutrino energy. In this plot, and all others in
this review, the prediction from a representative neutrino event generator (NUANCE) [7]
provides a theoretical comparator. Other generators and more sophisticated calculations
exist which can give different predictions [8].

In many of these initial measurements of the neutrino QE cross section, bubble
chamber experiments typically employed light targets (H2 or D2) and required both the
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The composition of the selected signal samples in both
distributions is predicted to be 95% pure.

After subtracting the expected 18 event background
contribution, the selected �µ and Pµ distributions are e⌅-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A ⇥µ CC event that originates in the ArgoNeuT fiducial
volume enters the signal sample after ArgoNeuT-MINOS
reconstruction, track matching, and selection 57.6% of
the time in the �µ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction ine⌅ciencies in ArgoNeuT, track re-
construction ine⌅ciencies in both detectors, and selection
e⌅ciency. Ine⌅ciencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of �µ> 36� muons
accords the Pµ sample with a lower detection e⌅ciency
than that of the �µ sample.

The flux-integrated di�erential cross sections in �µ and
Pµ from ⇥µ CC events on an argon target are shown in20

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well
across most of the measurement ranges. More data are
needed to confirm the apparent discrepancies at low an-
gles and momenta. The cross sections correspond to the25

neutrino flux in Table IV; the energy-integrated flux from
0-50 GeV is (2.91±0.46)�105 ⇥/m2/109 POT.

The data were taken in neutrino-mode, with the down-
stream end of the target placed 10 cm from the neck of
the first focusing horn, a horn current of 185 kA, and the30

polarity set to focus positively charged mesons [1]. For
the 3-50 GeV NuMI neutrino energy range, the MINOS
flux prediction utilizes a low hadronic energy transfer (⇥)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the di�erential cross sec-35

tion (d⇤d⇥ ) is independent of neutrino energy in the limit
of ⇥ ⇤ 0, the shape is predicted simply based on the
number of events at low-⇥ in bins of neutrino energy.
The flux shape is then normalized to the 1% precision
world average cross section measured from 30-50 GeV.40

The “low-⇥” method is described in detail in Ref. [1].
For the 0-3 GeV range, the flux prediction is determined
using a Monte Carlo simulation of the NuMI beamline
and is independent of MINOS near detector data and
neutrino cross section assumptions.45

The uncertainties in the di�erential cross section mea-
surements are statistics-limited as shown in Figs. 2 and
3. However, systematic uncertainties due to knowledge
of the flux as well as measurement resolution contribute
significantly. The 15.7% uncertainty on the energy-50

integrated flux leads the systematic error contributions.
The uncertainties associated with measurement resolu-
tion are determined by recalculating the di�erential cross
sections after adjusting the measured �µ and Pµ by ±1⇤,
where ⇤ comes from the reconstructed variable’s resolu-55

tion as determined by simulation and reconstruction in
each measurement bin. The muon angular resolution over
the majority of the measurement range is 1-1.5� and the

momentum resolution is 5-10%. The uncertainty is con-
servatively set equal to the largest deviation from the cen-60

tral value, due to either the plus or minus 1⇤ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.
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FIG. 2: The �µ CC di�erential cross section (per argon nu-
cleus) in muon angle.
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FIG. 3: The �µ CC di�erential cross section (per argon nu-
cleus) in muon momentum.

Di�erential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on di�erent nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated ⇥µ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon di�erential cross
section measurement bin in order to obtain the di�eren-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75

Inclusive CC cross-section
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cleus) in muon momentum.

Di�erential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on di�erent nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated ⇥µ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon di�erential cross
section measurement bin in order to obtain the di�eren-
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Refs:!
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al.,  PRL 108 (2012) 161802, arXiv:1111.0103!
2.) Neutrino cross section measurements, J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)

2012 PDG
ArgoNeuT

•First Results: Using 2 weeks of neutrino-mode data (8.5×1018 POT), 
the differential cross-section for inclusive charged-current muon 
neutrino production was measured.!
•Analysis Selection:!

‣Track originating within ArgoNeuT fiducial region.!
‣Match to corresponding track in MINOS near detector.!
‣MINOS track is negatively charged.!

!

***DRAFT*** First Measurements of Inclusive Muon Neutrino Charged Current

Di↵erential Cross Sections on Argon
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The ArgoNeuT collaboration presents the first measurements of inclusive muon neutrino charged
current di�erential cross sections on argon. Obtained in the NuMI neutrino beamline at Fermilab,
the results are reported in terms of outgoing muon angle and momentum. The data are consistent
with the Monte Carlo expectation across the full range of kinematics sampled, 0�< �µ< 36� and
0< Pµ< 25 GeV/c. Along with confirming the viability of liquid argon time projection chamber
technology for neutrino detection, the measurements allow tests of low energy neutrino scatter-
ing models important for interpreting results from long baseline neutrino oscillation experiments
designed to investigate CP violation and the orientation of the neutrino mass hierarchy.

Precision neutrino cross section measurements are re-
quired in order to fully characterize the properties of
the neutrino-nucleus interaction and are important for
the reduction of systematic uncertainties in long base-20

line neutrino oscillation experiments sensitive to non-
zero ⇥13, CP-violation in the lepton sector, and the ori-
entation of the neutrino mass hierarchy. The inclusive
muon neutrino charged current (⇤µ CC) interaction can
be considered a “standard candle” for characterizing the25

composition of a neutrino beam as event identification
is insensitive to the complicating e⇤ects of intra-nuclear
e⇤ects and experiment-specific exclusive channel defini-
tions. As such, CC-inclusive samples remain free from
significant background contamination, regardless of the30

experimental configuration. Despite the preponderance
of total cross section results, most recently in Refs. [1–
3], di⇤erential cross section measurements as a function
of outgoing particle properties are sparse. Such mea-
surements are necessary for obtaining a complete kine-35

matic description of neutrino-nucleus scattering. This
letter presents ⇤µ CC di⇤erential cross sections as mea-
sured with ArgoNeuT (Argon Neutrino Test) in a neu-
trino/muon kinematic range relevant for MINOS [4],
T2K [5], NOvA [6], and LBNE [7]. The total ⇤µ CC40

cross section at ⇤E⇥⌅ = 4.3 GeV is also reported.

ArgoNeuT is the first liquid argon time projection
chamber (LArTPC) [8] to take data in a low energy neu-
trino beam, and the second at any energy [9]. ArgoNeuT
collected neutrino and anti-neutrino events in Fermilab’s45

NuMI beamline [10] at the MINOS near detector (hence-
forth referred to as “MINOS) hall from September 2009

to February 2010. Along with performing timely and
relevant physics, the ArgoNeuT experiment represents
an important development step towards the realization50

of a kiloton-scale precision LArTPC-based detector to
be used for understanding accelerator- and atmospheric-
based neutrino oscillations, proton decay, and supernova
burst/di⇤use neutrinos.
ArgoNeuT employs a set of two wire planes at the edge55

of a 175 liter TPC in order to detect neutrino-induced
particle tracks. An electric field imposed in the liquid
argon volume of the TPC allows the ionization trails cre-
ated by charged particles to be drifted toward the sensing
wire planes. The ionization induces a current on the in-60

ner “induction” wire plane as it approaches and recedes
and is subsequently collected on the outer “collection”
wire plane. The signal information from the wire planes,
oriented with respect to one another at an angle of 60�,
combined with timing provide a three dimensional pic-65

ture of the neutrino event with complete calorimetric in-
formation [11]. Table I summarizes the most important
detector properties. Figure 1 depicts a ⇤µ CC candidate
event collected in the 47 ⇥ 40 ⇥ 90 cm3 (drift ⇥ vertical
⇥ beam coordinate) ArgoNeuT TPC.70

The di⇤erential cross section in terms of a measured
variable u in bin i is given by

⌥⌅(ui)

⌥u
=

Nmeasured,i �Nbackground,i

�ui �i Ntarg ⇥
, (1)

where Nmeasured,i represents the number of signal
and background events passing analysis selection,
Nbackground,i is the number of expected background



ArgoNeuT
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•LArTPC operated in Fermilab’s NuMI neutrino beam.!
•Located upstream of MINOS near detector, which provides muon reconstruction and sign selection.!
•Collected 1.35×1020 Protons on Target (POT).

ArgoNeuT in the NuMI Tunnel

Cryostat Volume 500 Liters

TPC Volume 175 Liters (90cm x 40cm x 47.5cm)

# Electronic Channels 480

Electronics Style (Temp.) JFET (293 K)

Wire Pitch (Plane Separation) 4 mm (4 mm)

Electric Field 500 V/cm 

Max. Drift Length (Time) 0.5 m (330 μs)

Wire Properties 0.15mm diameter BeCu

Refs:!
1.) The ArgoNeuT detector in the NuMI low-energy beam line at Fermilab, C. Anderson et al.,  JINST 7 P10019, Oct. 2012, arXiv:1205.6747

A. M. Szelc, Neutrino 2014, Boston 66/7/14

ArgoNeuT in the NuMI beam line

● First LArTPC in a low (1-10 GeV) energy 
neutrino beam.

● Acquired 1.35 × 1020 POT, mainly in ν
µ
   

mode.

● Designed as a test experiment.

● But obtaining physics results!
ArgoNeuT tech-paper: 
JINST 7 (2012) P10019

<E> = 4.3 GeV
<E> = 3.6(9.6) GeV



The MicroBooNE Experiment
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•MicroBooNE will operate in the Booster neutrino beam at Fermilab.!
•Combines physics with hardware R&D necessary for the evolution of LArTPCs.!
‣MiniBooNE low-energy excess!
‣Low-Energy (<1 GeV) neutrino cross-sections!
‣Cold Electronics (preamplifiers in liquid)!
‣Long drift (2.5m) !
‣Purity without evacuation.!

Refs:!
1.) Proposal for a New Experiment Using the Booster and NuMI Neutrino Beamlines, H. Chen et al., FERMILAB-PROPOSAL-0974

MicroBooNE Experiment

Cryostat Volume 150 Tons
TPC Volume (l x w x h) 89 Tons (10.4m x 2.5m x 2.3m)
# Electronic Channels 8256

Electronics Style (Temp.) CMOS (87 K)
Wire Pitch (Plane Separation) 3 mm (3mm)

Max. Drift Length (Time) 2.5m (1.5ms)
Wire Properties 0.15mm diameter SS, Cu/Au
Light Collection 30 8” Hamamatsu PMTs



MicroBooNE: TPC Detector
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Cryostat Volume 150 Tons

TPC Volume (l x w x h) 89 Tons (10.4m x 2.5m x 2.3m)

# Electronic Channels 8256

Electronics Style (Temp.) CMOS (87 K)

Wire Pitch (Plane Separation) 3 mm (3mm)

Max. Drift Length (Time) 2.5m (1.5ms)

Wire Properties 0.15mm diameter SS, Cu/Au plated

Light Collection 30 8” Hamamatsu PMTs

MicroBooNE TPC (Nov. 2013)
TPC Wires

Drift 
Direction



MicroBooNE Construction
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Surprises?
• Looking in two-proton subsample, find events with protons in back-to-back 

configuration that is a signature of correlated nucleons.!

• Statistics are low, but results are suggestive that SRC are active.  MicroBooNE 
can look for this, and will have an even lower proton threshold.
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FIG. 1. Momentum, pp1, of the most energetic proton in the
pair vs. momentum, pp2, of the other (least energetic) proton
for the 30 events in the (µ�+2p) sample. The Fermi momen-
tum in argon (line) and the momentum corresponding to the
detection threshold in ArgoNeuT (dashed) are also indicated.
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FIG. 2. Cosine of the angle � between the two protons (Lab
frame) vs. the momentum of the least energetic proton in the
pair for the 30 events in the (µ� +2p) sample. In the inset is
the distribution of cos(�).

Experimentally measurable observables are the 3-
momentum of the muon, determined from the matched
track in ArgoNeuT and MINOS-ND, the sign of the muon
provided by MINOS-ND, and the energy and direction of
propagation of the two protons measured by ArgoNeuT.
The target nucleus (A=Ar) is at rest in the Lab and the
CM of the correlated np pair is assumed to be (nearly)
at rest in it. The nuclear system X in final state, an
excited (A-2)⇤ bound state or any other unbound state,
is undetected and we take its momentum components
equal to the momentum components of the missing 4-
momentum vector Pmiss. The direction of the incident
neutrino is along the ẑ axis, therefore the missing trans-
verse momentum (in the x̂, ŷ plane) is directly measur-
able as PT

miss = �(kTµ + pTp1 + pTp2) from Eq.(1). This
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FIG. 3. Missing transverse momentum distribution for the 30
events in the (µ� + 2p) sample.

corresponds to the transverse momentum of the residual
nuclear system PT

A�2. The missing energy component
Emiss is here defined as the energy expended to remove
the nucleon pair from the nucleus.
The final state proton momenta determined from the en-
ergy measurement of fully contained tracks are reported
in Fig.1, with the scatter plot of the higher vs the lower
momentum of the pp pair in the (µ� +2p) sample. Most
of the events (19 out of 30) have both protons above the
Fermi momentum of the Ar nucleus (kF '250 MeV [19],
solid lines in Fig.1 - we take here an average value for the
proton and the neutron Fermi momentum).
The angle in space � between the two detected proton
tracks at the interaction vertex is directly measured in
the Lab reference frame. The scatter plot of Fig. 2 shows
the cosine of the � angle vs. the momentum of the least
energetic proton in the pair. The cos(�) distribution is
also reported (inset of Fig. 2). It is interesting to note
that four of the nineteen 2p-events above the Fermi mo-
mentum are found with the pair in a back-to-back con-
figuration (cos(�)<-0.95).
The missing transverse momentum measured from the
unbalanced momentum of the triple coincidence (µ�+2p)
in the plane transverse to the incident neutrino direc-
tion is shown in Fig. 3. The tail at very high PT

miss can
be explained as due to events with undetected energetic
neutron(s) emission.
The incident energy is not confined to a single value

but distributed in a broad ⌫-beam energy spectrum.
From energy conservation in Eq.(1), the incident neu-
trino energy for the (µ� + 2p) events is given by E⌫ =
(Eµ + Tp1 + Tp2 + TA�2 + Emiss). An estimate can be
inferred from the final state particles (muon and two pro-
tons) measured kinematics. The last two terms are small
corrections: the residual nuclear system is undetectable,
however a lower bound for its recoil kinetic energy can
be calculated using the measured transverse missing mo-
mentum as TA�2 ⇡ (PT

miss)
2/2MA�2. The missing energy

includes two terms, namely the two nucleon separation

Refs:!
1.)The detection of back-to-back proton pairs in Charged-Current neutrino interactions with the ArgoNeuT Detector in the NuMI low energy beam line, R. Acciarri et al, PRD 90 012008 (2014)
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Visually the signature of these events gives the appearance of a hammer, !
with the muon forming the handle and the back-to-back protons forming the head.

cos(γ)<-0.95

(µ-+2p) data sample - 4 “Hammer Events”

!-
p

p



ArgoNeuT: Physics
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Examples of Displaced Vertices in 
ArgoNeuT Data 

4 

Muon is not the only primary track 

Event with Displaced Vertex  
in ArgoNeuT Data 

Muon Matched with MINOS with +1 charge 

3 

ArgoNeuT Data 𝑣ஜ event 

P��

P��

Q�

Q�

Muon is not the only primary track 

•Excellent resolution allows direct measurement of Hyperon production 
in neutrino interactions.!

•Due to ArgoNeuT’s small size, statistics are very limited and 
containment is a problem, but several candidates are observed. 

ArgoNeuT Data Event ArgoNeuT Data Event

𝚲0→𝜋++p

Motivation 

• Charge Current Quasi-Elastic (CCQE) Hyperon Production is 
the Simplest 𝑣µμഥN Process after CCQE Neutron Production 

 

• Existing Experimental Data on Hyperon Production via 
CCQE scattering with anti-neutrinos is Sparse 

 

• CCQE Hyperon Production will have Different Nuclear 
Response than CCQE  Neutron Production due to the 
absence of Pauli effects for the Hyperons 

  

• LArTPC can SEE a Hyperon. Other Coarser Grained 
Detectors Probably Cannot 

 

• Much of the ArgoNeuT Data is in  𝑣µμഥ  Mode 

2 

/0→S�+p 
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